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NATIONAL ADVISORY COMMITTEE FOR AERONAUTICS
RESEARCH MEMORANDUM

EXPERIMENTAL INVESTIGATION OF AN AXTAL-FLOW SUPERSONIC
COMPRESSOR HAVING ROUNDED LEADING-EDGE
BLADES WITH AN 8-PERCENT MEAN
THICKNESS-CHORD RATIO

By Theodore J. Goldberg, Emanuel BoXer,
and Peter T. Berncot

SUMMARY

Supersonic-compressor blade sectlons having rounded leadings edges
with an 8-percent mean thickness-chord ratic and a sclidity of about 2.3
were incorporated in a 16-inch-diameter rotor and were tested with and
without guide vanes. The blades were designed to have a thickhess-chord
ratio greater than previous sections of this type by altering the geom-
etry of the supersonic portion of the blade sections and by increasing
the turning angles.

The compressor was designed for a pressure ratioc of 2.6 with an effi-
clency of 89 percent at an equivalent weight flow of 29 lb/sec of air gt
the design tip speed of 1600 fps. Because of mechanical difficulties in
the test rig, the tests reported herein were made only in Freon-12. The
tests covered a range of tip speeds from 515 to 810 fps in Freon-12
(70 percent to 110 percent of design speed) which corresponds to a rance
from 1130 to 1760 fps in air.

The rotor with guide vanes produced a pressure ratio of 1.84 with an
efficiency of 68 percent at a weight flow of 48.4 1b/sec of Freon-12 at
the design tip speed of T30 fps. Operating without gulde vanes, the rotor
produced a pressure ratio of 2.06 with an efficiency of 71.5 percent at =
weight flow of 49.8 lb/sec of Freon-12 which, when converted to alr values
by maintaining the efflciency constant at 71.5 percent, would yield a pres-
sure ratio of 2.18 and a weight flow of 27.5 lb/sec of alr. Increasing
the thickness-chord ratio for spproximately the same solidity results in
lower relative total-pressure recovery, apparently a result of the increased
boundsry-lsyer separation which 1s caused by larger turning and greater
rate of area growth in the subsonic portion of the passage between blades.
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INTRODUCTION

The operation of axial-flow supersonic compressors has been shown
both theoretically and empirically to be capable of producing a much
greater pressure rise per stege than that of conventional subsonic designs
(refs. 1 and 2). Of the several types of supersonic compressors described
in reference 1, the one having supersonic relative inlet velocities and
deceleration through the speed of sound in the rotor was the subject of
the present investigation. Because the use of thin blades introduced
difficult structural design problems, the shock-in-rotor type of super-
sonic compressors tested so far by the Naticnel Advisory Committee for
Aeronautics were either shrouded or designed to operate in Freon-12 gas
which reduces the centrifugal force by a factor of approximately 4. In
an effort to increase the practicablllity of this type of supersonic com-
pressor, the factors leading to Increased thickness-chord ratio were ana-
lyzed from two-dimensional-flow considergstions. It was found that an
increased thickness-chord ratio was obtained by lncreasing the total
turning angle, the proportion of turning in the supersonic section of the
blade passage, and the rate of area growth in the subsonic portion of the
blade passage. In order to evaluate the performance of blade sections
having e greater thickness-chord ratioc than previous designs of this type
(8 percent as compared with 4 percent at the mean radial station reported
in ref. 3), a rotor incorporating these thicker blades was designed and
constructed to he tested in air.

The rotor was designed to produce a pressure ratic of 2.6 and an
efficiency of 89 percent at a tip speed of 1600 fps in air with a weight
flow of 29 1b/sec of air. However, because of the inability of the gear-
box bearings to withstand the high temperatures obtalned at the high rota-
tional speeds, all performance tests had tc be made In Freon-12 which per-
mitted testing at about one-half the rotational speed required for air.
Tests were, therefore, made through a range of equivalent tip speeds from
515 to 810 fps (70 percent to 110 percent of design speed) in Freon-12.
The rotor blades were designed with sharp leading edges but, in the ini-
tial stages of testing, these sharp lesding edges were damsged because of
melfunction of the throttle. Consequently, a radius was machined on the
leading edge of each rotor blade. The effects of rounding the leading
edges of the blades cannot be fully evaluated until results of tests are
obtained for the original sharp leading-edge design. Tests to obtaln these
" data have been initiated.

The present investigetion was conducted by the Supersonic Compressor
Section of the Compressibility Research Division at the Langley Laboratory.
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SYMBOLS

veloclity of sound, fps

Mach number, ratioc of flow wvelocity to velocity of sound, V/e
total or stagnation pressure, 1lb/sq £t

static pressure, lb/sq £t

total or stagnation temperature, °R

stafic temperature, °R

messured stagnation-temperature rise, °R

isentropic stagnation-temperature rise, °R

rotational velocity of blade element at any radius, fps
velocity of fluid, fps

weight flow, 1b/sec

engle between axial direction and flow direction, deg

ratio of actual inlet total pressure to standard sea-level
pressure, P,/2116

ratio of specific heats

sdisbatic efficiency, AT'/AT

ratio of actual inlet stsgnation temperature to standard sea-
level temperature, T,/518.4

turning angle, rotor coordinates, deg
density, slugs/cu fi

relative total-pressure recovery

equivalent weight f£low, lb/sec
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Ut/ﬁ equivalent tip speed, £ps

Subscripts:

a axial

t tip

o settling chamber

1 rotor entrance, statlonary coordinates
2 rotor entrance, rotor coordinates

4 rotor exit, rotor coordinates

5 rotor exit, stationary coordinates

GENERATL, AERODYNAMIC IESIGN

Rotor Design Requirements

The genersl design specifications for the compressor were the same
as for those reported in references 2 and 3 and are outlined below:

Tip diameter, M. o « o « « o « o« o o o s o s o s s o« a s s o « » » 16
Hub-tip diameter ratlo . « . « - « « ¢ & ¢ ¢ ¢ ¢ o« & e e o s o« ¢ 0.75
Axial Mach number at entrance to rotor + « « ¢ « ¢ ¢ « o« +« +» +» o « 0.8
Tip speed in air at standard conditions, fps . . « « + . + . . . . 1600
Prerotation upstream of rotor . . . « + ¢ « «+ « +» « . « Little or none
Mach number leaving rotor .« .« ¢ ¢ ¢ ¢ ¢ ¢ o s ¢ & s o « » » o Subsonic

The guide-vane turning distribution was selected to give constant,
radial, relative inlet Mach number and total pressure. The rotor was
designed for nearly constant radiasl work input.” The turning-angle distri-
bution assoclated with constant work inmput results in a decreasing thick-
pesge from root to tip because the thickness is a function of the turning
angle for a given chord length.

The rotor exit conditions at the mean dismeter were obtailned with
the following assumptions:

(1) Diffusion to a relative rotor exit Mach number M, of 0.75.
Although previocus designs were based on a relative exit Mach mumber of
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0.80, it was felt that better diffusion was possible when based upon
results in reference 3 where a relative exlit Msch number of 0.T70 was
obtained although a design value of 0.80 was used.

(2) Relative total-pressure loss equal to that through e normal
shock at the entrance Mach number relative to the blades.

(3) A rotor turning angle of 160,

The turning angles at the tip snd root sections were then selected
to satisfy the rotor exit Mach mumber condition, hold the exit total-
pressure variation to a minimum, and maintsin simple radial equilibrium
at the exit of the rotor.

Velocity diagrams for this design are presented in figure 1(a) for
alr. The expected mean values of total-pressure ratio, efficiency, and
weight flow are 2.6, 89 percent, and 29 lb/sec of air, respectively.
Because all tests were made in Freon-12, the veloclty disgrams for air
have been converted to estimated Freon-12 values and are presented in
figure 1(b). This conversion produced mean values of total-pressure
ratio, efficiency, and weight flow of 2.66, 89 percent, and 54 1b/sec of
Freon-12, respectively.

Blade-Section Design

The deslgn method of the blade sections was basically similar to
that reported in reference 3. However, in order to obtain thicker blade
sections, some modifications were made. These modifications primerily
consisted of introducing expasnsion waves (B to C, fig. 2) downstream of
the entrance region, as contrasted with the use of compression waves in
reference 3, and completing as much of the turning as possible superson-
icelly in order to increase the thickness of the leading-edge region and
reduce the possibility of separation generally assoclated with a large
rate of turning in the subsonic portion. In order to obtain a thickness-
chord ratio on the order of 8 percent, the solidity was limited to
about 2.5.

APPARATUS AND METHODS

Test Apparatus

The supersonic-compressor test stand was deslgned in accordance with
NACA standards (ref. 4). A sectional view of the test rig is shown in
figure 3 and a photograph of the setup appears in figure 4. Uniform,
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low-turbulence flow at the rotor 1s ensured through the use of three
100-mesh screens Just ahead of the settling chamber in conjunction with
an area reduction of 20 to 1 from the cylindrical settling chsmber to

the annular test section. Downstream of the rotor the fluid is diffused
by e radisl, vaneless diffuser. Two aircraft-type radiastors are used to
remove the heat from the clreculating fluid., A drum-type throttle valve
with a butterfly vane on the upstream face 1s used to control the exit
pressure. The throttle consists of two concentric perforated cylinders,
the inner stationary and the outer rotated by an electric actuator. The
butterfly valve is geared to the outer cylinder so that it is closed when
the concentric holes are sbout half closed. This condition produces very
sensitive throttle control. A calibrated Venturi tube is incorporated
between the throttle and settling chamber. A honeycomb grid composed of

cells measuring l% by l% by 7 inches having a 60-mesh screen at both ends

is used Jjust before the Venturil tube to reduce the turbulence and swirl
of the fluid entering the tube.

The rotor was driven by a 1,000-horsepower Induction motor incorpo-
rating a magnetic coupling device for speed control. A three-shaft gear
box having a ratio of 15 to 1 was used to increase the rotational speed
to a maximm value of 26,000 rpm.

Test Compressor

The rotor was designed to have 46 blades and a rotor hub width of

2%; inches. Two-dimensional blade sections were lald out for each of the

three radial stations. The resulting rotor blade sections have thickness-
chord ratios of 9 percent at hub, 8 percent at pitch, and 5 percent at

tip based upon chord length of sharp leading-edge blades. The ordinates
of the three sections are presented in table I. The rotor disk was
machined from 14S-T aluminum-alloy forging and the rotor bledes from
753-T aluminum-slloy bar stock. The blades were held in the rotor by a
fir-tree method of attachment and were wire-locked in place. A minimm
tip clearance of 0.015 inch under static conditions was maintained for

all tests.
The guide venes, which were cast from tin-bismuth, were located
upstream of the rotor between an annuius of constant inner and outer

radii whose ares was 11@: percent grester than that immediately ahead of
the rotor in oxder to reduce the possibility of choking the flow at the
vanes. Twenty guide vanes, having a sclidity of 1.5, were used. The

guide-vane detalls are presented in figure 5. Downstream stators were
not employed.
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During preliminary runs in air, straln geges were mounted on four
rotor blades to determine the vibratory stress. The straln gages were
located at the point of maximm strain as determined by a previous bench
test using a tuned column of compressed air to drive a fixed blade. In
& preliminary rotor test, a maximum vibratory stress of about 3,000 lb/sq in.
was recorded at a tip speed of 1,600 fps in air. A photograph of the test
rotor with strain geges attached appears in figure 6.

During the tests to determine the vibratory stress, malfunction of
the throttle caused the tin-bismth guide vanes to melt snd resulted in
damage to the sharp leading edges of the rotor blades. Therefore, a
leading-edge radius of 0.010 inch, which faired into the original outline
of the blade section, was machined on each blade as shown in table I.

Although a speed of 1,600 fps was attained for the strain-gsge tests,
the gear-box bearings of this installation were uneble to withstand the
high temperatures assoclated with the high speeds and, therefore, the test
program was carried out in Freon-12.

Instrumentation

The compressor test rig was instrumentated as recommended In refer-
ence 4. A sectional view and s photograph showing the locations of the
instruments in the region of the rotor appear in figures 7 snd 8, respec-
tively. Four static-pressure orifices spaced 90° apart in the settling
chamber were used to measure the total pressure. Four thermocouples were
located in the settling chamber at the area centers of equal aress to
determine the entrance stagnation tempersture. In order to determine the
flow angles entering the rotor, a radial survey behind the guide vanes
was made at 80 and 100 percent of design speed with a claw-type yaw
instrument.

Flow conditions behind the rotor were determined by means of a cali-
brated combination pitot-static-yaw survey probe, shlelded total-pressure
rakes, and shielded total-temperature rakes located approximately B/h inch
behind the trailling edge of the rotor hub. A photograph of these instru-
ments appears in figure 9. All temperstures were Indicated on a commercial-
type self-balancing potentiometer. All pressures were measured by a
multiple-tube mercury msnometer board and were recorded simultaneously by
photographing the mancometer.

Automatic control valves were used to malntain constant, preset values
of settling-chamber pressure and tempersture during test runs by control-
ling the rate of flow of supply Freon-12 and cooling water,

The rotor speed was measured by s commerclal stroboscoplc tuning-
fork controlled instrument.

R



8 « NACA RM L53G16

The velocity of sound in the Freon-12 air mixture was measured by
en instrument similsr to that described in reference 5. From this
measurement the proportions of the gas constituents and the physical
characteristics of the mixture were determined.

Testing Procedure

In general, the procedure followed in operesting the compressor con-
sisted first of obtaining the desired rotational speed unthrottled and
then increasing the back pressure by arbltrary increments until fully
throttled. The.fully throttled position was determined by gradually
increasing the " compressicn ratio and noting the throttle position at
which-surge occurred. The throttle was then opened completely and the

process repeated'until a polnt very near the surge point was reached.

Data were taken st each throttle setting to determine the over-all
compressor characteristics with the survey probe held at the mean snnular
redius to measure the flow parameters at that station. A radial survey of
pressures and angles was mede only at fully throttled conditions.

Tests of the rotor with and without gulde vanes were made over a
range of equivalent tip speeds from 515 to 810 fps in Freon-12. The
settling-chember pressures varied from 0.15 atmosphere for high-speed
runs to 0.50 stmosphere for low-speed runs with a corresponding varistion
of Freon-12 purity from about 92 to 96 percent by volume.

Reduction of Data
The rotor characteristics were determined in the following msnner:
(1) The weight flow was measured by a calibrated Venturi tube.

(2) The total pressure and temperature behind the rotor were deter-
mined from an arithmetical average of radial total-pressure and tempera-
ture measurements made by the fixed rakes.

For redial survey runs employing the pitot-static-yaw survey probe,
the rotor characteristics were determined from mass-welghted measurements
as described in appendix B of reference 2. The average values of inlet
and outlet mass flow as determined from survey messurements were ordinar-
ily within 2 percent of that measured by the Venturi tube. There were
occasionsl differences of as great as 8 percent, generally with the out-
let flow higher than the inlet. All velues of weight flow presented are
those measured by the Venturi tube. As indicated in reference 3, two
methods were used to determine the work input of the rotor, one based
upon measured total-temperature rise and the other based upon momentum
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change across the rotor. All values of efficiency presented are those
based upon temperature-rise measurements. These efficiency values were
consistently 1 to 5 percent lower than those obtained from momentum-
change measurements.

For comparison purposes, the rotor characteristics were converted
to corresponding values for alr by assuming the same efficiency in air
as that obtained in Freon-12 and similar velocity triangles.

RESULTS AND DISCUSSION

Rotor With Guide Vanes

Over-all performance.- The over-all performance of the rotor oper-
ating with guide vanes over a range of equivalent tip speeds from 30 per-
cent below design to 10 percent above design is presented in figure 10 in
terms of adisbatic efficiency and equivalent weight flow as functions of
total-pressure ratio at constant speeds. At the design tip speed of
730 fps, & total-pressure ratio of 1.84 and an efficiency of 68 percent
at a weight flow of 48.4 1b/sec of Freon-12 were measured. At design
speed, the mass flow was independent of back pressure (fig. 10(b)}) which
indicates a started condition. As explained in reference 1, a started
condition exists when the velocity in the throat is supersonic so that
the flow ahead of the rotor cannot be affected by back pressure uantil the
normal shock 1s forced upstream through the throat. At speeds sbove
desgign the weight flow was reduced with increasing back pressure, similar
to speeds below design, which is indicatlve of operation with a strong
normal shock ahead of the rotor. Previous shock-in-rotor compressors have
always stalled when the normal shock moved out of the rotor-blade passage
after once having been started. The blade sections tested herein at
speeds above design apparently produce & higher static-pressure rise and
higher relative total-pressure recovery when operating with a strong nor-
mal shock shead of the blade sections than when the normal shock is located
at the most forward stable position within the blade passage. The move-
ment of the strong normal shock shead of the blade passage due to a change
of back pressure causes & small decrease in mass flow.

Rotor-blade-element performasnce.- Variation of several rotor param-
eters at deslgn speed and maximum efficiency are presented in figure 11
as functions of radiasl position. The estimated curves were obtalned by
converting the originsl air deslign values to Freon-12 by essuming the

e
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same relative entrence and exit Mach numbers and flow angles at the mean
radisl station and the same relative entrance and discharge angles at the
root and tip. (See appendix of ref. 3).

The difference between the values of total-pressure ratlo obtained
from the survey probe and the fixed rskes (fig. 11(a)) is believed to be
due to gulde-vane wake interference and i1s a function of instrument loca-
tion since measurements taken either entirely out of the wake or entirely
in the wske will produce over-all results which are too high or too low,
respectively.

Since the effect of guide-vane wake was not realized at the outset
of this investigation, only a few arbitrary positions were selected for
measurements. In obtalning welghted results, three computations were
made: one using measurements fram the survey probe, one using falired
values obtalned from measurements from the fixed rakes, and one using
values from an arbitrary curve as a possible maximum fotal-pressure ratio
as indicated by the dashed line in figure 11(a). These results are pre-
sented as flagged symbols in figure 10 and show a 5-percent variation in
total-pressure ratio and a corresponding 6-percent difference in effici-
ency between the welghted values. Because of the variation at the design
point, not only between the welghted values but also between the weighted
and arithmetical values, it 1is believed that the characteristic curves
are not necessarily correct because of insufficlent clrcumferential meas-
urements. However, 1t was felt that further Investigation into guide-
vane weke Interference was not feasible at this time. For future inves-
tigations of this type of rotor with guide vanes, care must be exercised
to make pressure meassgurements at a sufficient number of circumferentlal
positions to obtain valid results.

Although measurements of the flow behind the rotor are questionable,
the flow parameters can still be used to indicste the relative magnitude
of the blade-section performance. The exit Mech numbers, turning angle,
and flow angle leaving rotor agree fairly well with the estimated values
only at the mean radius. However, the relative total-pressure recovery
Py/Py 1s lower by about 16 percent at the mean radius than that for a

normgl shock at the deslgn relstive entrance Mach number, thus causing
lower than estimated values of total.- and static-pressure rise across
the rotor.

The flow angles downstream of the guide vanes were from 4° to 11°
off design in such a direction as to reduce the relative Mach number and
air inlet angle to the rotor. However, the flow angle int- the rotor is
gctually from 1° to 5° greeter than that predicted because of lower axial
velocity into the rotor, as evidenced by lower than estimsted weight flow.
Therefore, the rotor is operating at & positive angle of attack, which is
defined for supersonic compressors as being the sngle between the rela-
tive upstream undisturbed flow direction and the entrance surface
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(AB in fig. 2). Previous supersonic-rotor test results (refs. 2 and 3)
have exhibited the same characteristic of operation with small angle of
attack which shows a departure from the two-dimensionsl analysis of
reference 1l.

The relative total-pressure recovery, exit Mach number, and elemen-
tal mass flow are greatest in the region near the hub. Apparently, the
ioward flow necessary tc msintaln simple radial equilibrium near the
exit of the passage in effect reduces the rate of diffusion which reduces
the extent of the boundary-layer separstion normally present in the pas-
sage of such rotors and, consequently, results in higher relstive total-
pressure recovery.

Rotor Without Guide Vanes
Over-all performance.- Since previous results of supersonic rotors

(refs. 2 and 3) indicated higher total-pressure ratios and efficiencies
without gulde venes, it wes decided to test this rotor alone.

The over-all performance of the rotor operating without guide vanes
over the same speed range as with gulde vanes is presented in figure 12
1n terms of adiabatic efficiency and equivalent weight flow as functions
of total-pressure ratio at constant speeds. The data for the tip speed
of 770 £ps are not shown in figure 12(b) in order to prevent confusion
in reading the curves. At the design tip speed, a total-pressure ratio
of 2.06 and an efficiency of T71l.5 percent at & weight flow of 49.8 lb/sec
of Freon-12 were measured. However, this maximum total-pressure ratio
was not alweys reached without surge. Occaslonally, a discontinuity
occurred at a total-pressure ratio of about 1.8 at which point the rotor
exhibited the characteristics of surge. A further increase in back pres-
gsure ususlly, but not always, returned the rotor to & smooth opersting
condition until the stall point was reached. Changing the system pres-
sure and temperature within the operating range of the equlipment yilelded
no reproducible pattern to attribute this phenomenon to a Reynolds num-~
ber effect. The reason for this discontinuity 1s not understocod and,
therefore, no explsnation is attempted rpor can any prediction be made as
to whether it will occur in other rotors. In general, however, the rotor
alone exhibited characteristics similar to those with gulde wvanes, that
is, constant mass flow at design speed and at speeds above design
decreasing mass flow with Increasing back pressure.

Rotor-blade-element performance.- A variation of several rotor pasram-
eters at deslgn speed and maximm efficlency 1s presented in figure 13
as functions of radial position. Good agreement was obtained between
rake snd survey-probe total-pressure measurements &s shown. Since instru-
ment locations were identical for the two series of rums, the poor sgree-
ment between the two methods of measuring total pressure behind the rotor
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with gulde vanes, therefore, is attributed to guide-vane interference
effects. The mass-weighted total-pressure ratic across the rotor is in
excellent agreement with that obtained by an arithmetical average as
shown in figure 12.

The relative total-pressure recovery (fig. 13) 1s about § percent
lower than that estimated but 7 percent higher thsn that obtained with
guide vanes for the same relstive exit Mach number resulting in higher
static and total pressures at the mean radius than were obtained with
guide vanes. The relative total-pressure recovery can be seen to be an
inverse function of relstive inlet Mach number. Thus, the relative total-
pressure recovery without gulde vanes was higher at the root because of
lower inlet Mach number and conversely at the tip with a greater over-
all variation for the configuration without guide vanes. The relative
total-pressure recovery is, in general, lower than that obtained from
the unshrouded rotor of reference 3 by sbout 4 percent at the root to
ebout 12 percent at the tip. Because the inlet Mach numbers and sclidity
are approximately the same for the two unshrouded rotors operating with-
out gulde vanes, the blade sections of greater thickness-chord ratio have
poorer relative total-pressure recovery charscteristics that are princi-
pally due to the Iincreased boundary-layer separation which is caused by
the larger turning and the greater rate of area growth in the subsonic
section of the blade.

The spanwise variation of flow angle into rotor (fig. 13(c)) is simi-
lar to that noted when opereting with guide vanes, that is, increasing
toward the tip. Because the gecmetry of the blade 1s fixed, the spanwise
varlation of angle of attack 1s similar for both operating conditions of
the rotor. The average angle of attack is greater than that measured
with rotors reported in references 2 and 3. This result is attributed
to the rounded leading edges of the blades causing a compression-expansion
wave pattern to exist upstream of the blades which reduces the mass flow.

The rediel vaeriation of the absolubte discharge flow parasmeters 1is
similar to those obtained with gulde vanes.

The effect of back pressure upon the compressor characteristics at
the mean redial station at design speed is presented in figure 14 as
functions of total-pressure ratioc. The inlet conditions are independent
of throttling as expected. The relative exit Mach mumber decreases with
increasing back pressure in a manner observed in supersonic diffusers as
the normal shock In the passage 1s moved forward; however, the relative
total-pressure recovery remains falrly constant which is contrary to
ususl results of convergent-divergent supersonic diffusers. This condi-
tion mey, in part, be attributed to the rapid area expansion as evi-
denced by the average passage, equivalent conical-expansion angle of 7.4°
a8 compared with approximstely 3° conventionelly used for supersonic
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diffusers. In addition, the radlal-flow accelerations within the blades
act to reduce the relative total-pressure recovery to values less than
those measured in conventional diffuser tests.

The diffuser performance of the pitch section as a function of rela-
tive inlet Mach number 1s shown in figure 15. The data were obtained at
the maximum total-pressure-ratio condition over the range of speeds tested.
The relative total-pressure recovery decreases very rapidly at inlet Mach
numbers above 1.4 and the ability to diffuse, as evidenced by the value of
the relative exit Msch number, also decresses rapidly at Mach numbers
above 1.k,

The rotor characteristics of tests made without guide vanes have
teen converted to corresponding values for alr and are presented in fig-
ure 16. At the design tip speed of 1,600 fps, the rotor would produce &
total-pressure ratio of 2.18 with an equivalent weight flow of 27.5 lb/sec
of air (effilciency assumed to remaln constant at 71.5 percent).

CONCLUSIONS

An experimental investigaticn has been made in Freon-12 of an exial-
flow supersonic compressor having rounded leading-edge blades with an
8-percent mean thickness-chord ratioc. The following conclusions are
drawn:

1. The rotor operating with guide vanes produced s total-pressure
ratio of 1.84% with an efficiency of 68 percent at a weight flow of
48.4 1b/sec of Frecn-12 at design tip speed.

2. The rotor operating without gulde vanes produced a total-pressure
ratio of 2.06 with an efficiency of 7l1.5 percent at a weight flow of
49.8 lb/sec of Freon-12 which, when converted to corresponding values
for air, would be 2.18, 71.9, and 27.5, respectively.

3. At speeds above design for both configurations, the mass flow
decreased with increasing bvack pressure which indicated operation with a
strong normal shock ahead of the rotor.

k., The relative total-pressure loss was grester than that estimsted
which was taken to be equal to that across a normal shock for the relative
inlet Mach number. Increasing the thickness-chord ratioc of rotor blade
sections for approximately the same so0lidity results in lower relative
total-pressure recovery. Apparently, this lower total-pressure recovery
is due to increased boundary-layer separstion which is caused by larger
turning sngles and by a greater rate of area growth in the subsonic por-
tion of the passages.
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5. The results with guide vanes are guestionable in that a circum-
ferential variation of total pressure was noted which is sttributed to
gulde-vane weke since good agreement of circumferential total-pressure
measurements was obtained without guide vanes.

6. The rotor operated at a greater angle of attack than previous
supersonic rotors investigeted because of an upstream bow-wave pattern
which results from the rounded leading edges of the blades.

Langley Aeronautical Laboratory,
National Advisory Committee for Aeronsutics,

Langley Field, Va., July 7, 1953.
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TAELE I. - BLADE ORDINATES

(a) Root section (6-inch radius).

Leading edge of rotor hub /
!

1.048
axis of rotation

Root chord line

41l dimensions in inches

X Y, Y,

o] 0 o
'133 .Q‘-&S 0017
'266 .090 .030
’ 399 .135 038
JL65 .155 o No}
.532 «173 <042
.598 .188 <Okh
«665 .202 .oL5
.798 230 .oh7
931 .258 .0L8
997 .270 0.8
1 ‘%3 .273 . dl,9
1.196 .272 .08
1,329 .268 Oh7
1.396 263 LOlL7
1.k65 .258 o6
1 ’595 n2h6 .d,‘h
1,728 228 - ol
1.777 219 00
1.861 «205 037
1.994 .180 .033
2 '127 0151 -027
2.260 <120 .019
2.393 .085 .009
2.526 LOU7 .000

W‘:’
~NACA -~

4
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TABIE I. - BELADE ORDINATES - Continued
(b) Pitch section (7-inch radius).

Leading edge of rotor hub

Axis of rotation

Pitch choard line

All dimesnsions in inches

X Yu s 1

0 0 o
119 .023 .001
'2” '0147 oOd-‘
+359 071 001
Ls19 .083 -.003
‘h78 . 095 - .007
.538 107 ~.009
.598 .115 -.011
.718 127 -.011
.837 -13’8 - -011
0897 olhh -.0]_1
557 .150 -.011
1.076 .16 -.011
1.196 173 -.011
1.256 175 -.011
1,316 172 -.011
1.435 162 -.011
1.558 .251 -.011
1 0599 ulhé -.011
1 -67’-‘ O138 -.011
1.794 122 -.011
1.914 .103 -.011
2.033 .082 -.011
2 '15’ '058 =011
2,272 .033 -.011
~NACA
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TARLE I. - ELADE ORDINATES - Concluded

- (c) Tip section (8-inch radius).

Leading edge of rotor hub

T
Axis of rotation
Tip chord line
- All dimensions in inches
X Ty n
o (s} o}
-15 .0% e
.210 012 -.018
.315 017 -.027
.368 Q19 -.033
Li20 022 -.039
ah73 oozh -.d-ls
.525 0026 '-Gl
.630 .031 -.05%9
-735 0036 '0%5
.788 .037 -.%6
.840 «037 -.067
-9115 .037 --%7
1.050 .038 —-%7
1.103 .038 -.066
1.155 -038 ~a
1.260 039 -.063
1.365 .039 -.060
lnhd‘ c039 ’o$9
) 1.470 .032 -, 057
1.575 023 -.053
1.680 0015 --d‘T
. 1.785 .009 -.0ul | TINACA T
1.890 006 -.033 R
1.995 .00k -.022
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= 0.794
5 <t
Yo " 976
tg = 630
Pg = 3770
M2 = 1.550
p2 = 59.92 Be = 1600
V2 = 1632 M
t, = 461.3 . ouron
P, = 1 = 0.
2" 1393 A
vy = 839 fps
ty = 462.3° R
W, = 0.750 P, = 1393 1b/sq ft
By = bk2.98 l\\m::m direction
=911
Y, - Mg = 0.84L
b = -‘ps ps --b9.h5
852 ) Zss = 1025
M2 =1, - &
52 - ?.23138 P = 3452
t, = 461

u2 = 1‘555
B2 = 59,99
V2 = 1635
ty = k60
Py = 1382

Ty = 1200 Root ' Ug=d200 ¥ = 0.80L
By = 1k.83
V1 = 8L6

NACA t‘l = L60
p]_ = 1382

(a) Velocity diagrams for air. ¢ = 1l.k.

Figure 1.- Supersonic-compressor velocity dlagrems for tip, pitch, and
root pections. Initial conditions: P, = 2116 1b/sq ft; Ty = 520° R.
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Mg = 0.946
Bg =-71.75

Vg = 1481

BS ts = 562
Pg = 3840
X T
2 .
Bo . ., 5 732
5

Vo = 0.799
‘2 ﬂl = -12.91°
Py = 1h90 = 732 fps e v, = 38 fps

t; = 500.2° R
¥, = 0.75 p, = 1L90 1b/sq £t
B, = L2.98
4 Bg = -53.88
"BS vs bd h72
tg = 556
¥y = 1.552 pg = 3h62
Bz - 58-98 Us - 6&0‘

Va - 7’47 i
t, = 500 U, = 60 Pitch ¥; = 0.800
Py = 1L86 ¢ By =0

¥, = 1,552
fo = 59.99
ty = 199.7

- - 5 =~ 5U9 M = 0.80k

p2 1h81 Ul 5h9 Root 1\31 = 114-83

e v, = 387
e
p; = 181

(b) Estimated velocity diagrams for Freon-12. ¥ = 1.125.

Figure 1l.- Concluded.
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Flgure 2.- Supersonlc portion of a two-dimensional rotor blade.
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Figure 3.- Arrangement of supersonic-compressor test rig.
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Figure L.- Supersonic-ccmpressor test rig.
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Axis of twist

Tip chord line

Figure 5.- Guide-vane detaills.

Tradl.s Secfml B-B
NACA 65010

Axls of twist

Plich chord Iine

YA)dul direction

/

Root chord
Section C—C

fine

NACA,

NACA 65-(75)I0

All dimensions are in inches.
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Flgure 6.- Test rotor with strain gages attached.
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Position of survey probe,

Position of quide-vane temperature ,and pressure
survey probe rc:ky
+ - )

Sores — [/

16.00 diam.

16.29diom.

Rotor B d

12.00 diam.

Static = pressure
tap location

Flow direction —m [

& ,t‘ ‘A-‘

b
| [ | = |.i.
“—%
2H— =~

Figure T.- Sectional view of test section of supersonic-compressor test
rig showing location of instrumentation. All dimensions are in inches.
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Figure 8.- Downstream survey probe, total-temperature rakes, and total-
pressure rakes.
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! Shieided total-temperature rake
oo
itot ~static-yaw survey probe

C

S T

Shielded total-pressure roke )
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L-77480.1
Figure 9.- Detail photograph of flow measuring instruments.
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Adiabatic efficiency, 77, percent

100

T 1 11177ttt 1 1 1 1"/
Equivalent fip speed ,U;/¥8 ,fps
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%
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Total-pressure ratio,

(a) Total-pressure ratio against efficiency.

Figure 10.- Rotor characteristics with gulde vanes. Results were obteined
in Freon-12. Flegged symbols represent mass-welighted values.
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2.0
T 17 1 1 [ 1 % |
Equivalent tip speed , Ut /N@ fps S
19— O 8i0 ]
O 730
_— LTOO —]
i 660
NE90
1.8— o515 T
— <> Faired —
O-Probe
1.7+— S Rake ]
ala®
] B ]
‘é Surge line
o 16— ]
2
2 | —_
&
i
S 15— ]
2
| ]
.4}— ]
| —
1.3 ]
[ —_
~~NACA -~
7 R R A R N S R R B
32 36 40 44 48 52

wig_

Equivalent weight flow, S Ib/sec of Freon—I2

(b) Total-pressure ratio against weight flow.

Figure 10.- Concluded.
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30 ]

26—

24—

22—

20—

1.8~

Pressure ratio
I

| N N R N R R B

——o0—— Survey probe
————0-—— Fixed rakes

—— -~ —— Egtimated
/

Total-pressure ratio across rotor, -F-?-
o

- R,
totic—pressure ratio across rotor, -1

Pa
Py

Relative totol —pressure recovery,

P’___

Rodius, ft

(a) Pressure-ratio distribution.

Figure 11.- Radlal veriastion of compressor parameters at an equivalent
design tip speed of 730 fps in Freon-12 with guide vanes.
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Root Tip
e—1 17 17T 1 r——rrr——1Tt i 1 1t I I"“
15l Relative inlet Mach number, Mg / i

——0—— Survey probe
. —O—— Fixed rokes 4

—— - —— Estimated

|.2L— 1]
5 I
[
£
LR T

\7 {Absolute exit Mach number, M,
1.O}— \ >~ 1]

-
O —_——————

Radius, ft -

(b) Mach number distributions.

Figure 11.- Continued.
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Upstream root Upstream tip
80 ownstream root Downstream tip
| 7 T 17 1 © 1

— Flow angle info rotor, .82 —

__O-———O——O"‘O"O'OO'—J
. 80— L 50-0-0—0—0—0 _ |

— —— ——

40— —
r— —
20— —
o P ——
@
B _
$ o
e
< — ]
20— _—
f— et
-40— Flow oangle leaving rotor, Bs —]
\\ 7
— —
60— ———O—— Survey probe - ~—_ ]
——0—— Fixed rokes ~
- —— - —— Estimated N —
g0l N
46 .50 54 .58 62 66 .70
Radius, ft

(c) Angle distribution.

Figure 11.- Continued.
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25F
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Radius squared, ft ¢

() Mass-flov distribution. P, = 4¥13.7 1bfsq ft; T, = 520.6° R.

Figure 1l.- Concluded.

A5

Tyt D

U NACA

.

9TOCET W VOVN

114




Adichatlc efticiency , 7, percent

R I A R N B

Equivalent tip speed, Ut /N8 fps
810
770
730
700
660
590
515

D PF>OO0

e |

P
Total-pressure ratio, 3
f

(a) Total-pressure ratio against efficlency.

Figure 12.- Rotor characteristics without guide vanes. Results were

obtained in Freon-12.

Flagged symbols represent mass-weighted velues.
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2.1

2.0

i
PO

Total-pressure ratio,

1.4

L4
7 ° [ 1 | gf’(‘ P
| Equivalent fip speed, /NG ,fps l) N
— o 810 B
< 730
= A 700 T T
N 660
— D 590 R
a blis
— Surge line T
| NACA— —
S T DR N I B B
32 36 40 44 48 52 56

Equivalent weight flow, VL;’—T , lbssec of Freon—i2

(b) Total-pressure ratic against welght flow.

Figure 12.- Concluded.
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Root

Tip

I D Y R Y R R B

26 - — — - —
— F—’Q
Po

- _— Total-pressure ratio across rotor,

- ——Q— Survey probe
~—[— Fixed rokes
L.41— —~——— Estimoted

Prassure ratio

Rodi;s, ft ‘ ' .

(a) Pressure-ratio distribution.

Figure 13.- Radial variation of compressor parameters at an equivalent

design tip speed of T30 fps in Freon-12 without guide vanes.
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Mach number

2.

T T T T

, Root Tip
ST T 71 T T 717 7T © 1T 1 - L A
Experimental |

1.7 —— —-— Estimated 17
/ ’ L‘{

16 /,//// i

—

Relative inlet Mach number K M2
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1

10— +H
o\& Absolute exit Mach number, Mg
- Y - \P
s_—
8 —
7 M\ 1]
Relative exit Mach number, Mg D a\c LW
.sllllillJ}llLlEIl]
.50 .62 .54 .56 .58 .60 62 64 .66
Radius, ft m"‘“

(b) Mach number distributions.

Figure 15.- Continued.
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(c) Angle distribution.

Figure 13.- Continued.
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(d) Mass-flow distribution. P, = 462.,0 1b/sq ft; T, = 523.9° R,

Figure 13.- Concluded.

9TDEST W VOVN

6¢



Lo

Angle, deg

Mach number

Pressure ratio

4. NACA RM L53G16

72 S D S W P N O

60 — Flow angle into rotor, B, —

Flow angle leaving rotor -Bs

o o o o) o000
[e) o O
Turning angle, ¢

| | l I | | | |

_ -0 o—0—0—0——0o——————00

Relative Iniet Mach number, Mp

]

Relative exit Mach number, Mg

Absolute _exit Mach number,
| Absolute

ol | | |

Mg
3

— d

0 A S N AN EN B S Y N N N R B

20 — —]

. P
Static-pressure ratio ocross rotor, ';'i?'

Relative total = pressure" recovery -P—"!-

8 — MWEL@————%—

S I T T T O O A I A
1.3 I.4 1.5 1.6 1.7 1.8 1.9 20 2.1
Total-pressure ratio, ;5-

[}

Figure 1h4.~ Effect of throttle on compressor parameters at mean radius
at an equivelent design tip speed of T30 fps in Freon-12 without
guide vanes.
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Adicbatic  efficiency , 1} , percent
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(a) Total-pressure ratio against efficiency.

Figure 16.- Rotor characteristics without guide vanes. Results are con-
verted to air.
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Equivalent weight flow , W‘IB_, Ib/sec of air
3

(b) Total-pressure retic against weight flow.

Figure 16.- Concluded.
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